High-resolution solid-state NMR spectroscopy is a powerful tool for the study of organic and inorganic materials because it can directly probe the symmetry and structure at nuclear sites, the connectivity/bonding of atoms and precisely measure inter-atomic distances. However, NMR spectroscopy is hampered by intrinsically poor sensitivity, consequently, the application of NMR spectroscopy to many solid materials is often infeasible. High-field dynamic nuclear polarization (DNP) has emerged as a technique to routinely enhance the sensitivity of solid-state NMR experiments by one to three orders of magnitude. This perspective gives a general overview of how DNP enables advanced solid-state NMR experiments on a variety of materials. DNP-enhanced solid-state NMR experiments provide unique insights into the molecular structure, which makes it possible to form structure-activity relationships that ultimately assist in the rational design and improvement of materials.
Abstract
High-resolution solid-state NMR spectroscopy is a powerful tool for the study of organic and inorganic materials because it can directly probe the symmetry and structure at nuclear sites, the connectivity/bonding of atoms and precisely measure inter-atomic distances. However, NMR spectroscopy is hampered by intrinsically poor sensitivity, consequently, the application of NMR spectroscopy to many solid materials is often infeasible. High-field dynamic nuclear polarization (DNP) has emerged as a technique to routinely enhance the sensitivity of solid-state NMR experiments by one to three orders of magnitude. This perspective gives a general overview of how DNP-enhanced solid-state NMR spectroscopy can be applied to a variety of inorganic and organic materials. DNP-enhanced solid-state NMR experiments provide unique insights into the molecular structure, which makes it possible to form structure-activity relationships that ultimately assist in the rational design and improvement of materials. 
TOC GRAPHIC

DNP
High-resolution solid-state NMR spectroscopy is a powerful tool for the study of organic and inorganic materials and biomolecules. Solid-state NMR spectroscopy can directly probe the symmetry and structure at nuclear sites, the connectivity/bonding of atoms and precisely measure inter-atomic distances. However, solid-state NMR spectroscopy suffers from intrinsically poor sensitivity due to the small Boltzmann polarization of the nuclear spin states, unfavorable relaxation time constants, low concentrations of nuclear spins and signal broadening from a variety of different mechanisms. Furthermore, it is often challenging or prohibitively expensive to isotopically label many materials. Consequently, solid-state NMR experiments on materials are often restricted to basic 1D measurements or are infeasible. Poor sensitivity is the main barrier that prevents the application of solid-state NMR spectroscopy for characterization of many materials.
Primarily due to the efforts of Griffin and co-workers, high-field dynamic nuclear polarization (DNP) has emerged in the past 20 years as a technique to routinely enhance the sensitivity of solid-state NMR experiments by one to three orders of magnitude. 1 NMR sensitivity is enhanced in a DNP experiment by transferring the high spin polarization from unpaired electrons to NMR-active nuclei (usually 1 H). In modern high-field DNP experiments, polarization transfer from electrons to nuclei is achieved by saturating the electron paramagnetic resonance (EPR) of specially designed exogenous radical polarizing agents (PA, Figure 1 ) at cryogenic sample temperatures of ca. 100 K. Gyrotron microwave sources provide the high power (> 10 W), continuous-wave (CW) microwaves (ca. 130 to 600 GHz) that are required to efficiently saturate the electron spins and obtain large DNP signal enhancements. 1 Cryogenic sample temperatures increase electron and nuclear relaxation times, facilitating more complete saturation of the electron spins and accumulation of more nuclear spin polarization. A key figure of merit in DNP solid-state NMR experiments is the DNP sensitivity enhancement (ε) which is derived from transferring polarization from electron spins to nuclear spins. ε is usually determined by measuring the gain in signal intensity with and without microwave irradiation. Τhe gain in sensitivity achieved with DNP is approximated by ε, although, several additional factors including depolarization, paramagnetic broadening, relaxation time constants, dilution, etc., must be considered to accurately determine the absolute gains in sensitivity provided by DNP as compared to conventional solid-state NMR experiments. 6, 7 In addition to the properties of the sample, the magnitude of ε is strongly influenced by the specific setup of the DNP system hardware. For example, the magnetic field strength, the sample temperature, rotor diameter, gyrotron power, pulsed vs. CW microwave output, etc., all greatly influence ε. These issues are addressed in detail elsewhere 1, 5 and briefly discussed in the conclusions section. The parameters related to preparation of the sample that have the largest impact on ε and absolute sensitivity gains are described below. The PA provides the unpaired electrons that are the source of spin polarization in the DNP experiment ( Figure 1 ) and has a large impact on ε and absolute sensitivity. Griffin and co-workers introduced the concept of tailored exogenous PA when they developed nitroxide biradicals designed to provide substantial cross effect (CE) indirect DNP enhancements at high fields ( Figure 1 ). 8 Subsequently, a number of research groups further refined and optimized biradical PA for CE DNP of 1 H nuclei and indirect DNP experiments.
These modifications focused on imposing a fixed orthogonal orientation of the two nitroxide moieties to better fulfill the CE matching condition. 9 Replacing methyl groups adjacent to the nitroxide group with cyclohexyl or phenyl groups increases electronic relaxation times, facilitating more complete saturation of the EPR. 10 Today, the nitroxide biradicals AMUPol (Figure 1 ). 12 These radicals perform better at high-field because the narrow isotropic EPR of the carbon-centered radical is more completely saturated and strong magnetic exchange (J) interactions increase coupling between the two electron spins. 12, 13 The hybrid radicals also have minimal depolarization, meaning that the measured ε H are more indicative of the absolute gain in sensitivity. 13 Optimized hybrid biradicals will eventually allow DNP enhancements above 100 to be routinely obtained and open up DNP at high fields above 14 T.
Direct DNP is not as commonly used as indirect DNP, likely because the build-up times in direct DNP experiments are typically longer than proton build-up times because spin diffusion is not very efficient at transporting magnetization amongst lower-γ spins. However, many materials are free of protons or feature nuclear sites distant from proximate 1 H spins and direct DNP may be the only option. Additionally, direct DNP could be preferred for quadrupolar nuclei because it is often challenging to efficiently transfer 1 H magnetization to quadrupolar spins. 17 O labeled water at 5 T with trityl radical as the PA. 15 They also showed that mixtures of BDPA and trityl monoradicals were efficient PA for CE direct DNP of spins with Larmor frequencies below that of 13 C. 16 They obtained 13 C direct CE DNP enhancements of 620 at a magnetic field of 5 T, which corresponds to ca. 25% of the theoretical maximum 13 C direct DNP enhancement of 2620. The BDPA-trityl mixture works well because the BDPA resonance is nearly isotropic and has long electronic relaxation times that allows it to be fully saturated and the EPR frequency of both radicals are approximately separated by the 13 C Larmor frequency, fulfilling the CE match condition. 16 More recently Buntkowsky and co-workers demonstrated a trityl-nitroxide biradical PA that provided 13 C direct CE DNP enhancements of ca. 40 at 9.4 T. 17 Blanc and co-workers obtained 17 O direct CE DNP enhancements of ca. 40 with the bTbK PA for direct 17 O NMR experiments on porous MgO nanocrystals. 18 Interestingly, they observed that both core and surface oxygen sites were highly enhanced, 18 which suggests that direct DNP can proceed over nm length scales. This observation is consistent with previous direct 29 Si DNP experiments on mesoporous silica that showed polarization of sub-surface silicon sites. 19 These studies have shown that direct DNP is feasible on a range of nuclei and materials. There is likely significant space for the further optimization and refinement of PA for CE direct DNP, given the limited number of prior studies.
In addition to the choice of PA, there are several other aspects of sample preparation that strongly influence the achievable ε. The solvent/matrix used to dissolve the PA and dissolve/suspend/impregnate the analyte has a large influence on ε. DNP experiments on biomolecules or water-compatible materials are performed with deuterated glycerol-water or DMSO-water mixtures and water-soluble PA like AMUPol or TOTAPOL. 1 The glycerol or DMSO act as cryoprotectants that prevent crystallization of solvent and keep the radical and An under-appreciated factor that can strongly influence the magnitude of ε is the dielectric properties of the material under study. 22 Kubicki et al. showed that by adding materials such as sapphire and KBr that have high real dielectric constants (refractive indices) and low imaginary dielectric constants (loss tangents) the microwave field inside the rotor can be enhanced, leading to ε H above 500 at 9.4 T. 22 Unfortunately, the addition of dielectric material displaces active sample volume and often does not provide a significant net gain in sensitivity. 22 Some materials intrinsically have favorable intrinsic optical characteristics that lead to high ε.
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On the other hand, unfavorable optical microwave properties may also explain why ε are lower than expected or negligible in some materials. The availability of commercial DNP instrumentation and optimized PA has made it possible to apply DNP-enhanced solid-state NMR spectroscopy for the characterization of a variety of interesting materials.
The reactivity and activity of heterogeneous catalysts are determined by the structure of active surface sites. However, the standard analytical techniques used for characterization of surface sites such as infrared spectroscopy, X-ray adsorption spectroscopy, X-ray photo-electron spectroscopy, etc., provide only partial insight into the molecular structure of surface sites. In the DNP SENS approach, impregnation wetness is used to coat the surface of materials with PA solution (Figure 2 ). 2, 6 Impregnation brings the PA molecules into close proximity with NMR-active nuclei on the material surface, allowing them to be highly polarized by DNP. 2, 6 DNP SENS was originally demonstrated on functionalized mesoporous silica that are relevant to heterogeneous catalysis. 2, 6 With DNP it is typically possible to obtain natural isotopic abundance 13 C, 15 N and 29 Si solid-state NMR spectra in a few minutes from organic and organometallic molecules grafted onto the silica surface.
2, 6 13 C and 15 N solid-state NMR spectra confirm the molecular structure of grafted organic fragments. 29 Si solid-state NMR is useful to confirm molecules are covalently grafted to the support and obtain information about the conformation of molecules on the surface. 26, 27 Notably, Emsley and co-workers recently showed that by combining DNP-enhanced 2D HETCOR experiments and REDOR-based dipolar coupling measurements it was possible to determine the three-dimensional structure of molecules grafted onto silica surfaces ( Figure 3A) . 27 DNP-enhanced 2D 29 Si- 29 Si correlation experiments were used to observe the bonding/connectivity of silicon atoms at the silica surface ( Figure 3B ) 28 and probe the spatial distribution of organic fragments on functionalized silica surfaces. Grey and co-workers showed that for direct 17 O NMR experiments on 17 O-labelled CeO 2 the surface layers showed faster polarization build-up and higher signal enhancement. 38 Colloidal semiconductor nanoparticles (NP) have many potential applications as materials for displays, lighting, photovoltaics, catalysis and bio-sensing. 39, 40 NP have a very large surface area to volume ratio which allows their chemical and photophysical properties to be controlled and manipulated by altering the surface structure. 39, 40 Therefore, characterization of the surface structure of semiconductor NP is of great fundamental and practical importance.
Kovalenko and co-workers applied DNP SENS to obtain 1 H→ 119 Sn CPMAS NMR spectra of core/shell Sn/SnO x colloidal NP with diameters of ca. 10 nm. 41 The samples were prepared for DNP by simply adding PA into the NP solution, then rapidly freezing the solution inside of the pre-cooled DNP spectrometer. The surface-selective 119 Sn solid-state NMR spectra
showed that the surface of the nanoparticles consisted exclusively of SnO 2 . 41 Combining the NMR data with Mossbauer spectroscopy and TEM images suggested that the nanoparticles had a Sn/SnO/SnO 2 core/shell/shell structure.
A more general approach to apply DNP SENS to colloidal semiconductor NP with diameters on the order of 1 to 5 nm was also demonstrated. 42 Low ε were obtained when DNP experiments were attempted on the frozen NP solutions because during freezing the colloidal NP precipitate and segregate from the PA ( Figure 4A ). To address this problem, the NP and PA solution were impregnated into porous silica to trap the NP and PA together in the pores and prevent phase segregation ( Figure 4C ). 42 High indirect DNP enhancements were achieved for archetypal semiconductor NP such as InP, CdSe and CdTe enabling the acquisition of surfaceselective 31 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 bound surface Cd sites. A 2D 13 C{ 111 Cd} HMQC experiment confirmed that the surface site Cd NMR signals arise from sites bound to 13 C labeled oleic acid ligands, consistent with the expected Cd-rich stoichiometry and a cadmium carboxylate surface termination of the CdSe NP (Figure 4) . DNP was also used to obtain 2D 113 Cd phase adjusted spinning sideband (PASS) correlation spectra of CdSe and CdS nanomaterials that could be used to identify core and surface cadmium sites on the basis of their isotropic and anisotropic chemical shifts. 43 Emsley and co-workers showed that aqueous acrylamide gels could also be used to suspend NP and prevent phase segregation of the PA. 44 The acrylamide gels provided high ε with AMUPol as the PA, allowing 113 Cd CPMAS NMR spectra of CdTe NP to be rapidly obtained. 44 These examples demonstrate that DNP-enhanced solid-state NMR should be a powerful tool to obtain a deeper fundamental insight into the structure and chemistry of semiconductor NP surfaces. This will enable the detection of different ligand binding surface sites and possibly even surface defects that strongly influence the photophysical properties of the NP. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In order for DNP to succeed it is normally necessary to bring the PA within a few nanometers of the target nuclei. However, many organic materials, such as pharmaceuticals, polymers, and bulk inorganic solids exist as micro-particulate solids with negligible porosity and low surface area and the PA will necessarily be restricted to the surface of the particles.
Likewise, many biradical PA are too large to diffuse into microporous materials such as zeolites and metal-organic frameworks (MOF). It would seem challenging or impossible to apply DNP to non-porous organic solids or microporous materials. This problem can be solved by recognizing that homonuclear 1 H spin diffusion spontaneously transports polarization over length scales of ca. 100 nm in several seconds. 45 Griffin and co-workers obtained high DNP enhancements for needle-like polypeptide nanocrystals with widths of ca. 100 -200 nm that were suspended in TOTAPOL glycerol-water solutions. 45 In these experiments, the PA are located at the surface of the crystals and DNP-enhanced 1 H polarization is relayed from the surface into the interior of the crystals by 1 H spin diffusion ( Figure 5 ). Subsequently, relayed DNP was shown to be a general method to polarize microcrystalline organic solids, including pharmaceuticals. [46] [47] [48] Alternatively, DNP NMR was performed on amorphous solid dispersions (ASD) of pharmaceuticals and polymers by directly incorporating the PA during synthesis. 49 Relayed DNP has enabled a number of challenging solid-state NMR experiments on organic solids including natural isotopic abundance 2D double-quantum 13 C-13 C correlation ( Figure 5C Sn solid-state NMR spectra of Sn-β catalysts prepared by different synthetic procedures illustrate that the sample preparation greatly affects the distribution of tin-sites within the zeolite framework ( Figure 5D ). 58 These measurements enable the catalytic activity of different Sn-β catalysts to be correlated to differences in molecular structure. 58 Page 20 of 29
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Spurred by the increasing availability of commercial instrumentation, optimized sample preparation methods and improved PA, DNP-enhanced solid-state NMR spectroscopy is becoming an indispensable technique for the structural characterization of materials.
Looking ahead, the development of improved hardware, DNP methodology and better PA has the potential to further increase absolute sensitivity by orders of magnitude. First, improved PA make DNP at very high magnetic fields feasible. 12, 13 The improved sensitivity and resolution provided by higher magnetic fields is crucial for DNP NMR experiments with halfinteger quadrupolar nuclei such as 17 O. 62 Second, several groups are developing helium cooled DNP systems. [63] [64] [65] [66] Reducing the sample temperature to less than 30 K can potentially provide further absolute sensitivity gains of one to two orders of magnitude by increasing both DNP enhancements and thermal nuclear polarization. [63] [64] [65] [66] Third, the development of coherent, pulsed microwave sources for time-domain high-field DNP could revolutionize the field in much the same way that pulsed methods revolutionized NMR spectroscopy. Pulsed DNP will improve polarization transfer efficiency and make it possible to use simple monoradical PA. 67, 68 It may also be possible to eliminate deleterious paramagnetic broadening effects with electron decoupling. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
